Introduction
Flow boiling in microchannels has been extensively studied during the past several years because of its importance in a variety of applications, such as electronic cooling ͓1-13͔, microrockets ͓14͔, inkjet printers ͓15͔, and microchemical reactors ͓16͔. As a direct extension of this research endeavor, new flow configurations such as micropin fins entrenched inside microchannels have also been studied for heat transfer enhancement ͓17-25͔. Fundamental understanding of the boiling process in these microsystems is important to improve the design and to enhance their thermalhydraulic performance.
Cross flow boiling in conventional scale has been extensively studied, and a significant scientific body of knowledge about the physical processes governing heat transfer in these systems exists ͓26-37͔. The general consensus is that the heat transfer mechanisms are closely linked to flow morphologies and the resulting hydrodynamics. Numerous correlations and models for heat transfer coefficient have been developed by coupling the hydrodynamic and thermal characteristics. Hwang and Yao ͓32͔ studied flow pattern interaction with tubes for three different configurations, namely, single tube, single heated tube in an unheated inline tube bundle, and heated in-line tube bundle. For each of these conditions, the onset of nucleate boiling ͑ONB͒ occurred at the cylinders rear wake, and the cylinder spacings affected the bubble interactions at high qualities. Using high speed photography, Cornwell ͓29͔ observed turbulent bubbly flow and attributed the observed heat transfer enhancement to the sliding bubbles. Fand et al. ͓38͔ stated that the maximum nucleation site density occurs at the frontal stagnation point and at the rear wake side for flow across a single cylinder.
The flow characteristics around a tube/cylinder in a tube bundle is strongly dependent on geometrical parameters such as tube configuration ͑in-line or staggered͒, longitudinal and transverse pitches, and physical parameter such as the Reynolds number ͓39͔. In microscale, the studies pertaining to bubble dynamics have been restricted to plain microchannels ͓40͔ and channels with re-entrant cavities ͓41͔. The growth and the dynamics of the bubbles have been observed to deviate considerably from those observed in conventional scale. The small length scale of the channel restricted the expansion of the bubble in the transverse direction and subjected it to high shear stress along the longitudinal direction, eventually causing it to depart at diameters comparable to the channel hydraulic diameter.
In the current study, flow boiling across a single row of in-line micropin fins entrenched in a microchannel is being investigated. The microdevice consists of five 200 m wide and 243 m deep microchannels, each equipped with an inlet orifice, consisting of 24 columns of 100 m diameter circular pin fins, with pitch-todiameter ratio of 4. With the aid of high speed photography, the dominant flow patterns in such flow configurations were revealed. Furthermore, the interaction of bubbles with these micropin fins was also investigated and pertinent bubble dynamics parameters such as bubble departure diameter and frequency were also measured.
Device Overview
A computer aided design ͑CAD͒ schematic of the microdevice, consisting of five 200 m wide and 243 m deep microchannels entrenched in a 1800 m wide channel, is shown in Fig. 1 . Each microchannel encompassed 24 rows of in-line 100 m diameter micropin fins with a pitch-to-diameter ratio of 4. A micro-orifice, 400 m long and 20 m wide, was fabricated upstream of each microchannel. A heater was deposited on the back side of the channel-pin fin section excluding the orifice to provide the requisite heat flux. A Pyrex cover sealed the device from the top and allowed flow visualization. For additional details on the processing steps and experimental setup, the reader is referred to Ref.
͓18͔.

Data Reduction
The voltage, current, and pressure measurements were used to obtain the average single-phase and two-phase temperatures and mass qualities. This section gives the data reduction procedure used to obtain these parameters.
The voltage and current values were used to calculate the input power and heater resistance. The wall heat flux was calculated as
The average heater temperature was obtained from the calibration curve. Assuming 1D steady state conduction through the silicon block, the average surface temperature of the device was obtained by
The local quality was calculated from the known mass flow rate as shown below:
The fluid temperature was measured in the inlet using a type K thermocouple. The local flow temperature was deduced indirectly from energy balances ͑T mx = T mi + ͑͑P − Q loss / ṁ C p ͒͑L x / L͒͒͒. Comparison of the experimental data with the existing models was done through the mean absolute error ͑MAE͒:
where ␣ is the measured physical quantity and the subscripts "exp" and "pred" refer to the experimental and predicted values, respectively. The uncertainty associated with the measured values was obtained from the manufacturers' specification sheets while the uncertainties associated with the derived quantities such as mass flux, surface temperature, and wall heat flux were obtained by using the propagation of uncertainty analysis and were 3.4%, 0.5°C, and 3.8%, respectively.
Results and Discussion
4.1 Flow Patterns. The flow patterns observed in the current study were classified as bubbly flow, multiple flows, and wavyannular flow, as schematically shown in Fig. 2 . Bubbly flow comprised of vapor bubbles, nucleating from the sidewalls and the micropin fins, dispersed in the liquid. As the bubbles moved downstream, they expanded and formed vapor slugs, which were sheared by the pin fins resulting in regions of vapor slugs and bubbles, termed multiple flow. Eventually, wavy-annular flow was established downstream, which was characterized by the presence of a thin wavy liquid film flowing along the sidewalls and the pin fins with a vapor core ͑Fig. 3͒. The thin liquid film on the pin fins accelerated along its frontal side and separated from the surface forming a trailing liquid drop attached to the rear side where intense mixing was observed. As the thin liquid film on the frontal section evaporated, causing local dry-out, a vapor cavity developed, which moved axially in the upstream direction and collapsed intermittently due to the drag forces exerted by the incoming fluid. With increasing heat flux, the vapor cavity stabilized, Transactions of the ASME and the thin film completely evaporated while a liquid drop trailed on the rear side ͑qЉ =39 W/ cm 2 for G = 350 kg/ m 2 s; qЉ =76 W/ cm 2 for G = 565 kg/ m 2 s; qЉ =98 W/ cm 2 for G = 827 kg/ m 2 s͒. Similar flow patterns have also been observed by Cognata et al. ͓20͔ for a square micropin fin. Occasionally, the frontal region of the pin fins was wetted by a thin liquid microlayer, which evaporated rapidly resulting in a nonuniform thermal loading on the pin fin. As the heat flux was further increased, the trailing liquid drop shrunk, ultimately leading to a complete local dry-out. For the lowest mass velocity ͑G = 350 kg/ m 2 s͒, the single-phase liquid flow directly transitioned to multiple flow without first forming bubbly flow region. The absence of isolated bubbly flow at low mass fluxes is, to some respect, in contradiction to the trend discussed by Revellin and Thome ͓42͔. This anomaly might be a result of the significant different flow configurations of the current study and the study of Revellin and Thome ͓42͔. Due to the low mass velocity, the flow exhibited slight flow reversal in which a vapor bubble ͑cavity͒ initiated at the frontal stagnation point and continued to grow conically upstream, temporarily increasing the local void fraction, as shown in Fig. 4 . This was accompanied by an increase in the local liquid velocity, which deformed the cavity and sheared it across the pin fins causing it to break and move downstream ͑0 Ͻ t Ͻ 4.4 ms͒. No such flow reversal was observed at higher mass velocities. Figure 5 shows the average T sur − q w Љ curves for different mass fluxes. The heat flux as a function of the average temperature was characterized by three regions of different slopes. The first region corresponds to singlephase flow where the temperature was linearly dependent on the heat flux. The onset of boiling was accompanied by a significant drop in the surface temperature, which was observed for all mass fluxes and was attributed to boiling hysteresis. Such temperature hysteresis at the onset of boiling was caused by the good wettability of the fluid and the surface topography. The low surface tension of HFE 7000 ͑ = 13.8 mN/ m at T = 22 deg͒ and the surface roughness of the silicon surface ͑ϳ0.3 m͒ render majority of the cavities inactive even at high superheated temperatures. Ultimately, boiling was triggered and vapor bursted through the channel activating many nucleation sites and significantly reducing the surface temperature. Following the onset of boiling, the temperature continued to increase. At a certain heat flux, the temperature increased rapidly signifying the approaching critical heat flux ͑CHF͒ conditions. The hysteresis phenomenon clearly appeared when the heat flux was gradually decreased, as shown by curve b in Fig. 5. 
Heat Flux Versus Temperature.
Bubble Nucleation and Dynamics.
At the onset of boiling, the bubbles nucleated on the microchannel sidewalls and on the pin fin surface. Flow visualization revealed that the bubbles first nucleated at the rear wake side of the first pin fin in the two-phase region, as shown in Fig. 6 . The thick thermal boundary layer and the resulting high local fluid temperature initially triggered the bubble growth in this region. Figure 7 shows the distribution of the active cavities along the circumference of the pin fin for different mass velocities. The majority of the nucleation sites were distributed asymmetrically on the rear side at 90 degϽ Ͻ 180 deg. It has been observed that for flow across tandem cylinders, the flow transitions from steady symmetrical flow at low Reynolds number to an oscillatory asymmetrical flow at a critical Reynolds number; for p / d = 4, the transition corresponds to a critical Reynolds number of Re c =68 ͓43͔. It is very likely that such oscillations existed in the current study ͑75Ͻ Re d Ͻ 180͒ distorting the symmetry of the nucleation sites ͑Fig. 7͒. The nucleation of the bubbles on the rear side modified the hydrodynamics of the flow field, which resulted in bubbles nucleating along different locations on the downstream pin fin. Generally, bubbles from pin fins downstream the first row of the two-phase region tended to nucleate from the frontal stagnation point ͑ = 0 deg͒. The dynamics of the bubble departing from different sites along the circumference of the pin fins also differed from each other. At = 180 deg, the bubbles grew asymmetrically due to the intensive recirculation of the flow and at some point the bubble ultimately necked close to the surface of the pin fin and eventually detached. At = 0 deg, the bubbles detached and slid along the surface while growing and ultimately lifted from the rear side of the pin fin ͑Fig. 8͒. Additionally, the bubbles departing from the upstream pin fins were often swept into the wake of the downstream pin fin causing them to circulate in the recirculation zone, expand, and coalesce with other bubbles, and in the process agitate the liquid in the recirculation zone.
Bubble Departure Frequency and Departure
Diameter. Qualitatively, the flow patterns and bubble ebullition process were similar for all channels; the quantitative results were elucidated for channel 3 ͑middle channel͒. Figure 9͑a͒ shows the bubble departure diameter for = 0 deg as a function of wall heat flux for different mass velocities. The bubble departure diameter decreased with increasing heat flux and mass velocity. At high mass velocity, the increased drag force sheared the bubbles from their nucleation sites at small diameters. The departure diameter decreased with increasing heat flux at low mass velocities, but at high mass velocities, the growth of the bubble was suppressed by the impingement of the flow at the stagnation point. The bubbles departing from = 180 deg had much larger diameter than those departing from = 0 deg. However, the decreasing diameter trends were similar ͑Fig. 9͑b͒͒. The bubble departure frequency was elucidated by counting the number of bubbles departing from a nucleation site over 800 frames ͑fps of 12,000͒. Figure 10 shows the bubble departure frequency from the two most active nucleation sites on the pin fins, at = 0 deg and = 180 deg, at various mass velocities as a function of wall heat flux. The bubbles nucleated at the location of ONB for = 180 deg and at the immediate downstream pin fin for = 0 deg. The frequency and bubble departure diameter were measured in the isolated bubble region between z = 1 mm and z = 3 mm from the inlet of the channel where Transactions of the ASME the bubble coalescence was negligible. For = 0 deg, the bubble frequency increased linearly with the wall heat flux, although regions of two distinct slopes were observed, which was a function of the mass velocity. At low and intermediate mass velocities, the bubble frequency increased sharply with the wall heat flux, and at high mass velocities, the bubble frequency increased with a lower slope. During the bubble growth, interfacial tension acting along the contact line tended to hold the bubble in place against the inertial drag force exerted by the surrounding liquid. The bubble departed from the site when the net effect of the inertial drag exceeded the interfacial tension. At low mass velocities, due to the lower drag force exerted by the liquid on the bubble, the bubble attained a large diameter before departing, resulting in a long bubble ebullition cycle and hence low frequencies. At high mass velocities, the bubbles were subjected to higher inertial drag causing them to depart at a higher rate. Such mass flux dependency on frequency has also been observed by Lee et al. ͓40͔ for flow in a rectangular 41 m hydraulic diameter microchannel. Vigorous boiling occurred at higher heat flux, which resulted in rapid bubble growth and thus higher frequencies. Additionally with increasing heat flux, the surface tension decreased ͑due to temperature increase͒, causing a reduction in the holding surface tension force and a reduction in the departure diameter, which in turn enhanced the bubble departure frequencies. Therefore, the bubble frequency at = 0 deg has been correlated as a function of wall heat flux by the following relations with a MAE of 18%:
and f = 124.9q ch
The much larger departure diameter at = 180 deg compared with = 0 deg has important implications on the bubble frequency. As can be seen in Fig. 10͑b͒ for = 180 deg, the bubble departure frequency was much smaller compared with the frequency at the frontal stagnation point. The large bubble departure diameter, caused by the low liquid velocity in the recirculation zone where the drag forces exerted on the bubble, was much weaker than for = 0 deg, increased the ebullition period. The frequency increased with mass velocity and showed a peak with respect to heat flux, which was clearly evident for G = 827 kg/ m 2 s and G = 565 kg/ m 2 s. With increasing heat flux, the boiling front propagated upstream and the bubbles nucleating on the rear side were continuously subjected to condensation on the periphery due to an increase in the local subcooled temperature. Because of the condensation on the bubble periphery and the low velocity in the recirculation zone, the bubble, after nucleating and growing to the departure diameter, tended to be stationary before departing. This in turn extended the bubble ebullition cycle and decreased the bubble departure frequencies. Figure 11͑a͒ shows the variation of the bubble departure frequency as a function of the local subcooling for bubbles departing from the rear side. Such variation with respect to local subcooling was not observed for bubbles nucleating from the frontal stagnation point of the downstream pin fins ͑ = 0 deg͒, as shown in Fig. 11͑b͒ . Because the bubbles were very small at = 0 deg when they departed ͑D d ϳ 10 m͒, their periphery was not subjected to significant condensation. Therefore, higher subcooled temperatures did not seem to slow down the bubble departure diameter. The bubble departure frequencies on the pin fins, especially at = 0 deg, are higher than those observed in other microscale studies ͓40,41͔ ͑f ϳ 6000 Hz at high heat flux͒. For example, Kuo et al. ͓41͔ reported a maximum frequency of 600 Hz and Lee et al. ͓40͔ reported a maximum a frequency of 60 Hz for boiling in microchannel using water. The higher frequency observed in the current study is a result of the much lower surface tension of the working fluid. Since the surface tension forces are the main force resisting the bubble departure, bubbles in HFE 7000-fluid with very low surface tensionreadily departed from the nucleation site. Furthermore, the lower Transactions of the ASME latent heat of vaporization of HFE 7100 compared with water facilitated rapid growth of the bubble ͓44͔ hastening the bubble ebullition cycle. Traditionally, the bubble frequency has been correlated through the bubble departure diameter according to f n D d = const ͓45-47͔, where n ranges from 1/2 to 2. Figure 12 compares the frequency and bubble departure diameter for = 0 deg with conventional scale ͓45,48͔ and microchannel ͓41͔ correlations. None of the correlations agreed well with the experimental results over the entire range. Conventional scale correlations provided a better agreement with the experimental results at high heat fluxes ͑high frequencies͒, while at low heat fluxes, which was characterized by low bubble departure frequency, agreement with microchannel correlation improved. The above mentioned result indicates that there exists a partwise variation of the product fD d in microchannels; when the bubble departure diameter is comparable to the channel hydraulic diameter, the frequency has a different functional dependency on the departure diameter than for conditions corresponding to bubbles much smaller than the channel. Kuo et al. ͓41͔ investigated bubble dynamics in water for a 222 m hydraulic diameter rectangular microchannel with re-entrant cavities. The higher surface tension of water resulted in much larger bubble than for the current study ranging from 100 m to 222 m. The large bubble departure diameter-to-channel hydraulic diameter ratio modified the hydrodynamics of the flow considerably, decreasing the product ͑fD d ͒ compared with conventional scale systems. In the current study, for low mass velocities and heat fluxes, characterized by large bubble departure diameters, microchannel results for water worked well ͓41͔. Increasing the mass velocity, resulted in bubbles considerably smaller than the channel hydraulic diameter. The channel "loses" its identity as a microscale channel and practically transitioned to hydrodynamics resembling conventional scale ͑or miniscale͒ characteristics. Therefore, under these conditions, the agreement with conventional scale models are fairly good. While the traditional form of the correlation fD d = const has been successfully used in microscale ͓41͔, for the current flow configuration, correlation of this form cannot be used because the product ͑fD d ͒ was observed to increase with heat flux, as shown in Fig. 13͑a͒ . Therefore, using least squares method, the following correlation for the product of the bubble frequency and the bubble departure diameter has been developed:
where n is an empirically derived constant, which was calculated to be 0.435. 85% of the predicted data is within Ϯ25% of the experimental data with a MAE of 14% ͑No. of data points= 29͒. Unlike for = 0 deg, for = 180 deg, the product of the bubble departure frequency and departure diameter did not show any specific trend with respect to heat flux and mass flux, but decreased with increasing local subcooling ͑or the Jakob number͒ as shown in Fig. 13͑b͒ . With increased subcooling, the bubble growth was impeded by continuous condensation at the periphery, resulting in lower bubble departure frequencies and departure diameters.
Conclusions
Flow visualization revealed the existence of bubbly flow, multiple flows, and wavy-annular flow.
At the onset of boiling, the bubbles nucleated on the rear side of the pin fins and with the propagation of the boiling front, bubbles started nucleating at other locations. Nucleation sites were mostly observed at = 0 deg and = 180 deg.
The bubble departure frequency rapidly increased with wall heat flux for = 0 deg, but this trend gradually diminished at high heat fluxes, which has been attributed to the suppression of boiling. For = 180 deg, the bubble departure frequency first increased and then decreased with heat flux. 
